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The  formation  of  "smart"  biomimetic 
and  environmentally  responsive  syn¬ 
thetic  materials  is  gaining  significant 
interest  for  applications  in  biomedical,  bio¬ 
sensing,  and  biotechnological  arenas.1  -3 
The  benefit  of  having  this  type  of  biomater¬ 
ial  lays  in  the  effective  control  over  molec¬ 
ular  and  cellular  interactions  at  material 
interfaces.4  For  example,  proteins  adsorbed 
on  synthetic  material  surfaces  are  of  par¬ 
ticular  interest  as  they  are  involved  in 
cell  attachment,  various  cellular  signaling 
pathways,  and  cell  function.  One  of  the 
approaches  by  which  biointerfacial  interac¬ 
tions  between  material  surfaces  and  biomol¬ 
ecules  can  be  changed  is  through  the  use  of 
particular  stimuli  that  may  alter  the  second¬ 
ary  structure  of  the  synthetic  molecules  to 
modify  their  binding  affinity.  This  approach 
is  based  on  the  fact  that  synthetic  macro¬ 
molecules  and  hybrid  composite  materials 
can  be  manipulated  in  response  to  varia¬ 
tions  in  temperature,  pH,  ionic  strength, 
specific  ions  or  metals,  UV  irradiation,  and 
electric  or  magnetic  fields.5  7 

For  instance,  the  most  studied  synthetic 
responsive  polymers  based  upon  poly(N- 
isopropylacrylamide)  (PNIPAM)  derivatives 
undergo  a  sharp  coil— globule  transition  in 
water  at  32  °C,  changing  from  a  hydrophilic 
state  below  this  temperature  to  a  hydro- 
phobic  state  above.8-11  Correspondingly, 
cell  culture  growth  on  such  responsive 
PNIPAM  surfaces  can  be  directly  associated 
with  "hydrophilic"  and  "hydrophobic"  surface 
properties,  with  cells  able  to  attach  to  PNIPAM 
at  physiological  conditions  because  of  its 
hydrophobicity  and  being  released  because 
of  increased  hydrophilicity  as  a  result  of  de¬ 
creasing  temperature.12-13  The  pH-responsive 
polymers  represent  another  group  of 
stimuli-responsive  materials  where  ionizable 
functional  groups  are  capable  of  donating  or 


ABSTRACT  Saccharomyces  cerevisiae  yeast  cells 
encapsulated  with  pH-responsive  synthetic  nano¬ 
shells  from  lightly  cross-linked  polymethacrylic  acid 
showed  a  high  viability  rate  of  around  90%,  an 
indication  of  high  biocompatibility  of  synthetic  pH- 
responsive  shells.  We  demonstrated  that  increasing 
pH  above  the  isoelectric  point  of  the  polymer  shell 
leads  to  a  delay  in  growth  rate;  however,  it  does 
not  affect  the  expression  of  enhanced  green 
fluorescent  protein.  We  suggest  that  progressive  ionization  and  charge  accumulation  within 
the  synthetic  shells  evoke  a  structural  change  in  the  outer  shells  which  affect  the  membrane 
transport.  This  change  facilitates  the  ability  to  manipulate  growth  kinetics  and  functionality  of 
the  cells  with  the  surrounding  environment.  We  observed  that  hollow  layer-by  layer  nano¬ 
shells  showed  a  remarkable  degree  of  reversible  swelling/deswelling  over  a  narrow  pH  range 
(pH  5.0— 6.0),  but  their  assembly  directly  on  the  cell  surface  resulted  in  the  suppression  of 
large  dimensional  changes.  We  suggest  that  the  variation  in  surface  charges  caused  by 
deprotonation/protonation  of  carboxylic  groups  in  the  nanoshells  controlled  cell  growth  and 
cell  function,  which  can  be  utilized  for  external  chemical  control  of  cell-based  biosensors. 
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accepting  protons  upon  environmental  pH 
changes.  In  this  case,  electrostatic  repulsions 
between  generated  charges  cause  conse¬ 
quent  interactions  among  charged  groups, 
ions  and  biomolecules.  Polyacids,  such  as 
poly(acrylic  acid)  (PAA)  and  poly(methacrylic 
acid)  (PMAA),  with  p Ka  values  in  the  range 
of  5  are  of  a  particular  interest  since  they 
exhibit  rapid  transitional  changes  at  physio¬ 
logically  relevant  conditions  and  are  con¬ 
sidered  to  be  biocompatible.14'15  Intra¬ 
cellular  biomolecular  delivery  of  drugs 
using  masked  pH-responsive  compounds 
has  been  demonstrated,16  while  pH  switch¬ 
ing  for  the  control  over  protein  adsorption 
or  cell  attachment  has  started  to  gain  great 
attention  recently.17 
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Figure  1 .  LbL  self-assembly  cross-linked  hollow  PMAA-co-NH2  microcapsules  via  amide  bonding  on  sacrificial  silica  cores  (a) 
and  nanoshells  on  yeast  cells  (b). 


Numerous  stimuli-responsive  surfaces  and  inter¬ 
faces  were  developed  by  introducing  ionizable  groups 
into  the  backbone  of  macromolecules.18'19  Another 
approach  to  produce  stimuli-responsive  materials  in¬ 
volves  the  formation  of  gels  by  physical  and/or  chemi¬ 
cal  cross-linking  or  by  supramolecular  association  of 
molecular  chains  dispersed  in  solvents.20'21  Hydrogels 
are  of  particular  interest  since  their  porous  net-like 
structure  is  filled  with  a  large  amount  of  water,  which 
resembles  biological  structures.  The  layer-by-layer 
(LbL)  approach  represents  an  alternative  way  of  creat¬ 
ing  stimuli-responsive  multilayer  systems  in  which 
chemical  species  with  opposite  charges,  hydrogen¬ 
bonding  interactions,  or  a  combination  thereof  are 
assembled  in  an  alternating  fashion.22-24  The  advan¬ 
tage  of  this  method  is  the  versatility  of  the  template 
chemistry,  its  structure  and  geometry,  variation  in  the 
thickness  of  multilayered  structures,  and  the  possibility 
of  creating  complex  multi-responsive  sandwich  struc¬ 
tures.25-26  The  pH-sensitive  LbL  hydrogels  with  incor¬ 
porated  quantum  dots,  gold  nanoparticles,  and  gold 
nanorods  have  been  demonstrated  to  be  able  to  act  as 
responsive  materials  with  a  strong  optical  reporting 
function.27-29 

In  particular,  many  attempts  have  been  undertaken 
to  use  ultrathin  LbL  nanoshells  for  the  controlled 


encapsulation  of  cells  in  order  to  create  protected  cells 
and  cell  assemblies,  fabricate  cell  replicas,  biosensing 
arrays,  and  to  mediate  transport  properties  of  bio¬ 
molecules.30-37  Although  it  has  been  demonstrated 
that  different  LbL  shells  can  be  readily  assembled  onto 
a  variety  of  cells,  the  issue  of  cell  viability  in  the 
presence  of  cationic  components  was  indicated  and 
suggested  to  be  minimized  by  the  use  of  hydrogen- 
bonded  shells  with  minimal  or  no  cationic  polymers  or 
by  the  utilization  of  natural  materials  such  as  silk 
derivatives.38-43  In  these  cases,  very  high  viability 
reaching  94%  in  in  vitro  and  in  vivo  conditions  has 
been  reported.  However,  LbL  shells  reported  to  date 
have  not  proven  to  be  robust  under  variable  environ¬ 
mental  conditions  and  not  capable  of  significant  and 
controlled  variations  of  their  state.  Thus,  synthetic 
nanoshells  currently  play  a  passive  role  in  cell  growth, 
interactions,  and  function.  However,  no  examples  of 
responsive  synthetic  nanoshells  which  can  serve  as  an 
active  barrier/coating  to  control  cell  function  in  biosens¬ 
ing  devices  have  been  reported  to  date. 

In  this  paper,  we  describe  a  facile  strategy  for  the 
design  of  robust  but  pH-responsive  and  compliant 
one-component  LbL  nanoshells  based  upon  cross- 
linkable  hydrogel  PMAA  copolymer  for  controlling 
the  cell  function  and  the  rate  of  proliferation  (Figure  1). 
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Figure  2.  ATR-FTIR  spectra  of  un-cross-linked  (solid  line) 
and  cross-linked  for  40  min  (dashed  line)  (PMAA-co-NH2)5 
microcapsules  (pH  3.5). 

The  high  viability  rate  of  encapsulated  cells,  which 
reaches  90%,  was  related  to  the  elastic  nature  of  the 
cross-linked  and  highly  porous  hydrogel  shells  with 
thicknesses  of  a  few  tens  of  nanometers  and  very 
minor  content  of  a  cationic  component.  In  this  strat¬ 
egy,  the  incorporation  of  a  small  amount  of  amine 
functional  groups  into  the  backbone  of  the  responsive 
PMAA  component  allowed  the  creation  of  strong 
amide  bonding  using  the  zero-length  coupling  agent, 
1  -ethyl-3-(3-dimethylaminopropyl)carbodiimide  (EDC), 
without  adverse  effects  on  cell  viability.15  An  important 
finding  is  that  the  responsive  nature  of  LbL  shells 
allowed  for  the  control  of  cell  growth  and  function 
by  changing  the  external  pH  environment. 

RESULTS  AND  DISCUSSION 

Chemical  Composition  of  Model  Capsules.  To  confirm  the 
chemical  composition  of  cross-linked  single-compo¬ 
nent  PMAA-co-NH2  capsules  fabricated  in  this  study 
(Figure  1),  we  conducted  attenuated  total  reflection 
Fourier  transform  infrared  (ATR-FTIR)  measurements 
before  and  after  the  cross-linking  reaction.  Figure  2 
demonstrates  ATR-FTIR  spectra  of  the  un-cross-linked 
and  cross-linked  capsules.  In  both  spectra,  there  are 
two  broad  absorption  peaks  between  3000  and 
3500  cm-1  that  are  characteristic  of  N— H  stretching 
in  primary  amines.44 The  NH2  wagging  vibrations  are  also 
present  at  680  cirT1  for  both  types  of  capsules.  The 
very  distinct  sharp  peak  centered  around  1456  cm-1  in 
the  cross-linked  spectrum  can  be  assigned  to  C— N 
stretching  and  N— H  bending  and  provides  the  neces¬ 
sary  evidence  for  peptide  bonding.45  The  presence  of 
this  peak  is  a  distinctive  feature  of  amide  bonding 
associated  with  EDC  cross-linking  within  the  PMAA-co- 
NH2  shell.  It  is  worth  mentioning  that  the  second 
distinctive  peak  centered  at  ~1303  cm-1  was  also 
observed  and  can  be  attributed  to  a  complex  mixing 
of  C— N  stretching,  N— H  bending,  and  C— H  deforma¬ 
tion  of  amide  III  from  peptide  bonding  48  From  the 


intensity  of  both  peaks,  it  can  be  inferred  that  car¬ 
boxylic  groups  were  activated  during  the  coupling 
process. 

In  the  FTIR  spectrum  for  un-cross-linked  capsules, 
there  were  two  broad  closely  placed  peaks  in  the  range 
of  1625—1770  cm-1.  The  1 720  cm-1  peak  is  related  to 
protonated  carboxylic  groups,46  and  the  1660  cm-1 
peak  is  associated  with  C=0  stretching  vibrations 
in  PVPON.47'58  After  cross-linking,  both  peaks  were 
diminished,  indicating  that  a  significant  amount  of 
PVPON  was  released  (peak  1660  cm-1)  and  the  con¬ 
tribution  of  carboxylic  groups  was  reduced.  In  addition 
to  this  peak,  closely  placed  minor  absorption  peaks  at 
1560—1565  cm-1  can  be  associated  with  additional 
N— H  bending  from  the  amide  II  band.48,49  These  data 
confirmed  the  formation  of  partially  cross-linked  one- 
component  (PMAA-co-NH2)5  shells  upon  activation 
with  a  coupling  agent.  The  large  fraction  of  residual 
nonreacted  carboxylic  groups  remained  free  and  thus 
provided  sites  for  the  reversible  conversion  from  the 
protonated  to  ionized  form  when  exposed  to  higher 
pH  values  responsible  for  the  significant  swelling  of 
capsules  as  discussed  below. 

Swelling  Behavior  and  Estimation  of  the  Polymer  Mesh  Size. 
The  formation  of  hydrogen-bonded  LbL  capsules  based 
on  PMAA  and  amine-functionalized  neutral  poly¬ 
mer  was  first  reported  by  the  Sukhishvili  group, 
where  they  produced  a  highly  cross-linked  hydrogel 
network.58  The  time  of  cross-linking  reported  in  these 
studies  was  many  hours,  reaching  13  h  in  some 
cases.50,51,58  In  contrast,  in  our  work,  the  time  for 
cross-linking  within  copolymerized  PMAA  multilayers 
was  specifically  set  for  much  lower  values  to  achieve 
stable  capsules  with  minimum  exposure  to  a  highly 
reactive  coupling  agent  which  generates  toxic  bypro¬ 
ducts  during  the  reaction.52  In  our  study,  we  obtained 
highly  stable,  single-component  PMAA-co-NH2  cap¬ 
sules  with  reversible  swelling  using  very  mild  concen¬ 
trations  of  the  coupling  agent  (5  mg/mL)  and  by 
reducing  the  time  of  cross-linking  to  only  40  min. 

As  known,  the  ability  of  a  polymer  network  to  swell 
is  defined  by  the  molecular  weight  between  cross¬ 
links,  Mc,  which  can  be  as  low  as  960  Da  for  highly  cross- 
linked  shells.53  The  change  in  the  network  swelling  of 
polymer  capsules  as  a  function  of  pH  is  related  to  a 
change  in  the  mesh  size  of  the  gel.54,58  For  our  shells, 
the  mesh  size  was  determined  from  the  equilibrium 
swelling  data  by  calculating  Mc  (see  Supporting 
Information).53  Using  p Ka  =  5.0  and  ionic  strength  /  = 
0.01,  the  calculations  yielded  Mc  =  9500  Da  or  about 
100  monomeric  units  between  the  cross-links,  a  very 
low  cross-linking  density  which  should  facilitate  a  high 
swelling  ratio.  Thus,  with  17%  of  amine  content,  on 
average,  every  sixth  unit  of  the  PMAA-co-NH2  chains 
is  amine-functionalized,  out  of  which  only  every 
sixteenth  unit  of  the  polymer  backbone  is  actually 
cross-linked. 


DRACHUK  ETAL. 


VOL.  6  ■  NO.  5  ■  4266-4278  ■  2012  ^JANO 

www.acsnano.org 


4268 


ARTICLE 


Figure  3.  SEM  images  of  cross-linked  for  40  min  (PMAA-co-NH2)5  capsules  in  the  dry  state  (a,b)  and  AFM  images  of  the 
capsules  in  the  swollen  state  at  pH  2.0  (c)  (Z-scale  is  1  /m)  and  in  the  dry  state  (d)  (Z-scale  is  350  nm);  (e,f)  500  nm  x  500  nm, 
Z-scale  is  20  nm.  Image  (c)  has  been  taken  in  contact  mode  using  a  liquid  cell.  Images  d-f  have  been  taken  in  light  tapping 
mode.  The  close-up  view  in  3D  of  the  surface  morphology  in  the  dry  state  is  represented  in  panle  f.  Images  c  and  d  are  the 
height,  and  images  e  and  f  are  the  phase  of  (PMMA-co-NH2)5  capsules. 


Morphology  of  Microcapsules  in  the  Swollen  State.  Figure  3 
displays  surface  morphology  of  different  microcap¬ 
sules  in  dry  and  wet  states.  Upon  drying  on  a  freshly 
prepared  silicon  surface,  capsules  undergo  collapse 
due  to  evaporation  of  the  aqueous  solution,  resulting 
in  randomly  folded  morphologies.55  Even  after  post¬ 
exposure  to  aqueous  solutions,  the  swollen  capsules 
preserved  the  folded  structure;  however,  the  increased 
shell  thickness  indicates  a  hydrogel-type  swelling  re¬ 
sponse  to  the  presence  of  a  good  solvent.  By  measur¬ 
ing  the  height  of  flat  regions,  which  represent  folded 
double-shell  regions,  the  shell  thickness  of  the  cap¬ 
sules  can  be  estimated  (Figure  4).55  The  dried  capsules 


were  reswollen  in  aqueous  solutions  at  specified  pFH 
values  for  sufficient  time  (more  than  20  min)  to  allow 
them  to  stabilize  before  conducting  in-liquid  AFM 
scanning. 

The  capsules  possess  a  characteristic  grainy  texture 
(Figures  3  and  4).  The  values  of  surface  microroughness 
(calculated  here  and  below  for  300  nm  x  300  nm 
surface  areas  selected  far  from  wrinkles)  are  in  the 
range  of  2.6— 5.1  nm,  which  are  significantly  higher 
than  common  values  for  ionic-based  LbL  shells  (usually 
well  below  1  nm).56,57  In  addition,  as  the  time  of  cross- 
linking  increased  from  20  to  40  min,  the  capsule  micro¬ 
roughness  decreased  from  4.7  ±  1.1  to  2.6  ±  0.7  nm, 
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Figure  4.  Comparison  of  the  thickness  and  microroughness 
of  un-cross-linked  (PVPON/PMAA)5  microcapsules  with  dif¬ 
ferent  molecular  weight  of  PVPON  (Mw  =  55  kDa  and  Mw  = 
1300  kDa)  in  the  swollen  state  and  cross-linked  (PMAA-co- 
NH2)5  capsules  for  different  times  in  the  swollen  states  as 
well  as  cross-linked  for  40  min  in  the  dry  state.  All  capsules 
were  drop-casted  and  air-dried  from  pH  3.5.  Data  shown  are 
the  average  with  standard  deviation  (n  =  15). 

indicating  reduced  porosity.  The  higher  microrough¬ 
ness  is  a  distinctive  feature  of  hydrogen-bonded  LbL 
films,  which  is  associated  with  the  intramolecular 
aggregation  of  the  components  during  LbL  assembly 
and  the  presence  of  a  highly  porous  morphology.55 

The  analysis  of  shell  thickness  and  microroughness 
of  cross-linked  (PMAA-co-NH2)5  capsules  in  dry  and 
swollen  states  revealed  that  in  the  swollen  state  micro¬ 
capsules  were  25%  thicker  (25.5  ±  0.9  nm)  at  low  pH  as 
compared  to  the  same  capsules  in  dry  state  (18.9  ± 

1.1  nm)  (Figure  4).  Significantly  higher  swelling  ratio 
(~1 00%)  was  demonstrated  by  the  Sukhishvili  group 
for  the  high  cross-linking  density  PMAA  capsules  (the 
reaction  time  set  for  13  h).58  In  our  case,  cross-linked 
capsules  in  the  swollen  state  at  pH  2.0  were  ~10% 
thicker  (27.7  ±  1.0  nm)  when  the  cross-linking  was 
performed  for  20  min,  indicating  a  low  degree  of 
swelling. 

pH  Response  of  (PMAA-co-NH2)5  Microcapsules.  Below  the 
critical  pH  point  of  PMAA  related  to  deprotonation  of 
carboxylic  groups,  the  capsule  thickness  was  in  the 
range  of  22.6—24.0  nm  (Figure  5).  Increasing  pH  re¬ 
sulted  in  a  gradual  increase  in  the  capsule  thickness  to 

44.1  ±  5.1  nm  at  pH  6.0  followed  by  a  sharp  drop  to 
around  3  nm  above  pH  6.5.  The  same  trend  was 
observed  for  the  surface  microroughness:  at  pH  values 
below  the  p Ka  of  PMMA,  the  microroughness  was  in  the 
range  of  2.7— 3.9  nm,  then  reached  its  maximum  of 
6.2  nm  at  pH  6.0,  and  finally  decreased  to  less  than 
2.0  nm  above  pH  6.5  (Figure  5).  Above  pH  6.5,  capsules 
exhibit  sharp  volume  phase  transition  caused  by  de¬ 
protonation  of  carboxylic  groups,  resulting  in  dramatic 
decrease  in  the  shell  thickness.59,60  As  a  result,  in¬ 
creased  buildup  of  osmotic  pressure  results  in  disrup¬ 
tion  of  shells  under  these  conditions  (Figure  5). 


Figure  5.  Thickness  and  microroughness  of  cross-linked 
(PMAA-co-NH2)5  capsules  for  40  min  in  the  swollen  state 
at  a  wide  pH  range.  Inset  shows  distorted  capsule  during 
AFM  scanning  at  pH  7.0.  Data  shown  are  the  average  with 
standard  deviation  (n  =  15). 

Sharp  changes  in  the  surface  charges  and  volume 
transitions  in  different  types  of  solvents  (nanopure 
water  and  SMM  media)  were  confirmed  with  CLSM 
and  ^-potential  measurements  (Figure  6).  The  highest 
amplitude  of  charge  changes  was  observed  in  pure 
water  when  ^-potential  was  gradually  dropping  from  a 
positive  value  (+12  ±  1.6  mV  at  pH  3.0)  to  a  negative 
value  (—68  ±  1 .2  mV  at  pH  6.5)  (Figure  6a).  Although  in 
cell  media  capsules  went  through  similar  charge  changes, 
the  amplitude  of  such  changes  was  less  pronounced: 
from  +4.8  ±  0.4  mV  at  pH  3.0  to  —25.2  ±  1 .3  mV  at  pH 
7.5  (Figure  6b).  Smaller  change  in  ^-potential  ampli¬ 
tude  can  be  associated  with  larger  molecules  present 
in  the  media  (amino  acids)  that  are  trapped  within 
the  polymer  loops.47  Hence,  there  is  a  significant  ionic 
screening  of  the  electrostatic  repulsions  between 
charges  of  equal  sign.61 

Confocal  images  of  hollow  cross-linked  (PMAA-co- 
NH2)5  capsules  showed  dramatic  changes  in  the  cap¬ 
sule  diameter  which  accompanies  changes  in  the  sur¬ 
face  charges  discussed  above  (Figure  6).  Below  pH  5.0, 
hollow  capsules  of  3.4  ±  0.5  um  diameter  were  close  to 
the  size  of  original  silica  templates.  Above  pH  5.0, 
capsules  began  to  swell  and  reached  their  maximum 
swelling  at  pH  7.5  with  capsule  diameter  of  1 0.5  ±  0.2  /rm 
in  the  case  of  pure  water  and  9.6  ±  0.4 /<m  in  SMM  media 
(Figures  6  and  7).  It  is  important  to  note  that  all  dimen¬ 
sional  changes  are  completely  reversible  during  multiple 
cycling  between  low  and  high  pH  values  (Figure  7). 

The  studies  of  localized  mechanical  properties  of 
capsules  using  surface  force  spectroscopy  (SFS)  have 
revealed  distinct  changes  in  the  capsule  elasticity  as  a 
function  of  pH  (Figure  8).  The  loading  curves  followed 
Hertzian  contact  mechanics,  thus  indicating  elastic  de¬ 
formation  of  shells  under  probing  conditions  (Figure  8a). 
Overall,  capsules  with  the  largest  molecular  weight 
of  PVPON  were  about  25%  stiffer  (Supporting  Infor¬ 
mation,  Figure  SI).  At  20  min  of  cross-linking  time, 
the  elastic  modulus  of  shells  was  measured  to  be 
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Figure  6.  Zeta-potential  (filled  squares)  and  diameter  (circles)  of  hollow  cross-linked  (PMAA-co-NH2)5  capsule  in  different 
solutions  at  different  pH  values.  Data  shown  are  the  average  with  standard  deviation  (n  =  3  for  £  values,  n  =  1 0  for  diameter  size). 
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Figure  7.  Cross  section  (top  row)  and  reconstructed  3D  (bottom  row)  confocal  images  of  (PMAA-co-NH2)5  capsules  in  aqueous 
solution  initially  at  pH  3.0  (a,d),  then  at  elevated  pH  8.0  (b,e),  and  finally  switched  back  to  pH  3.0  (c,f).  Reversible  swelling/ 
shrinking  of  (PMAA-co-NH2)5  capsules  at  pH  3.5  and  7.5  (g).  Data  shown  are  the  average  with  standard  deviation  (n  =  10). 


0.76  ±  0.13  MPa,  and  the  value  consequently  in¬ 
creased,  4-fold,  up  to  3.1  ±  0.4  MPa  for  the  highest 
cross-linking  density  at  40  min  (Figure  8b).  While 
non-cross-linked  capsules  above  pH  6.0  were  readily 


disassociated,  cross-linked  capsules  were  robust  en¬ 
ough  to  undergo  reversible  swelling  even  at  pH  >7. 

The  range  of  Young's  modulus  of  3.2—4 .3  MPa  at 
low  pH  obtained  here  is  typical  for  partially  swollen 
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Figure  8.  Loading  curves  for  swollen  capsules  at  different  pH  values  in  Hertzian  coordinates  (a).  Elastic  modulus  of  swollen 
(PMAA-co-NH2)5  microcapsules  cross-linked  for  40  min  as  a  function  of  pH  (b).  Data  shown  are  the  average  with  standard 
deviation  (n  =  7). 


Control  5  bl  7  bl  9  bl 


Figure  9.  Cell  viability  of  nontreated  YPH501  (control)  yeast  cells  in  comparison  to  (PMAA-co-NH2)5-coated  cells  that  were 
treated  with  EDC  for  40  min  (5bl-EDC,  40  min)  and  3  h  (5bl-EDC,  3  h)  (a).  Cell  viability  of  nontreated  yeast  cells  and  coated  with 
different  composition  of  layers  (5,  7,  and  9  bilayers)  after  2  and  4  h  incubation  with  resazurin  assay  (b).  Data  shown  are  the 
average  with  standard  deviation  (n  =  300). 


hydrogel  elastomers.62-64  With  increasing  pH  of  the 
solution  above  p Ka,  the  elastic  modulus  decreases  by  2 
orders  of  magnitude  to  about  20  kPa,  which  is  a 
characteristic  of  a  weakly  cross-linked  and  highly  swol¬ 
len  hydrogel  material.65  Decreased  stiffness  of  the 
cross-linked  (PMAA-co-NH2)5  capsules  correlates  well 
with  remarkable  swelling  within  the  same  range  of  pH 
5.5— 6.5  and  provides  means  for  dramatic  stretching  of 
thin  shells  (Figures  6  and  9).  We  suggest  that  such 
softening  is  caused  by  deprotonation  of  the  acidic 
groups  and  repulsive  charge— charge  interactions. 

Capsule  softening  within  the  narrow  pH  range  was 
also  reported  for  (PVPON-co-NH2/PMAA)  capsules  by 
Fery  et  al.6b  Young's  modulus  of  these  two-component 
capsules  at  pH  2.0,  however,  was  estimated  to  be  much 
higher  (610  ±  70  MPa),  likely  due  to  a  much  higher 
cross-linking  density  and  low  solvation  of  shells.  This 
value  is  common  for  highly  cross-linked  elastomeric 
materials  with  low  residual  solvent.67  In  their  study,  the 
elastic  modulus  for  higher  pH  was  suggested  to  be 
around  1  MPa,  but  the  actual  value  cannot  be  directly 


measured  with  colloidal  probe  loading  of  capsules.  In 
contrast,  the  SFS  employed  here  probes  local  nano¬ 
scale  properties  under  very  light  normal  forces  (80  pN) 
and  small  deformations  (below  10  nm).  It  can  also  be 
employed  even  if  the  partial  disassembly  of  capsules 
began  to  occur  by  finding  intact  planar  areas. 

Overall,  dramatic  changes  observed  here  in  the 
shell  thickness,  microroughness,  and  elasticity  at  the 
p Ka  of  PMAA  copolymer  can  all  be  associated  with 
increased  deprotonation  of  unbound  PMAA-co-NH2 
carboxylic  groups  when  Coulombic  interactions  cause 
electrostatic  repulsion  produced  within  the  net- 
work.25,50-54  At  p Ka,  dissociation  of  unbound  carboxylic 
groups  on  the  network  chains  increases  the  charge 
density  on  the  network  to  the  highest  degree.  The 
increase  in  mobile  counterion  content  increases  the 
internal  osmotic  pressure,  which  induces  the  swelling 
of  the  hydrogel  until  the  network  chains  reach  a 
maximum  of  ionization  and  maximizes  the  capsule 
diameter.  Overall,  swelling  in  a  wide  pH  range  seems 
to  occur  in  two  stages:  (1)  at  the  acidic  conditions 
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Figure  10.  (PMAA-co-NH2)9-coated  yeast  cells  at  pH  5.0  (a)  and  pH  7.0  (b).  Growth  kinetics  of  (PMAA-co-NH2)-coated  yeast 
cells  with  different  shell  thicknesses.  Cells  were  grown  in  SWIM  media  adjusted  to  pH  5.0  and  7.0  (c);  50%  growth  time  for  bare 
and  encapsulated  cells  at  pH  5.0  and  7.0  (d). 


(pH  3.0— 5.5),  PMAA  shells  are  modestly  swollen,  uni¬ 
form,  and  stiffer  due  to  limited  uptake  of  water  mol¬ 
ecules  into  partially  hydrophobic  shells;  and  (2) 
exponential  increase  in  capsule  diameter  (more  than 
3-fold)  and  decrease  in  shell  thickness  and  stiffness 
occurring  above  pH  5.5  all  are  due  to  the  increased 
ionization  of  PMAA  segments,  which  results  in  lateral 
stretching  limited  by  cross-linking  sites.  Finally,  at 
pH  >7.0,  partial  disintegration  of  capsules  begins  to 
occur,  which  progresses  at  even  higher  pH  values. 

Cells  Encapsulated  with  pH-Responsive  Shells.  High  cell 
viability  after  encapsulation  was  a  characteristic  fea¬ 
ture  of  all  shells  studied  here  (Figure  9).  Surprisingly,  S. 
cerevisiae  yeast  cells  coated  with  PMAA-co-NH2  shells 
and  treated  with  EDC  for  different  time  periods  showed 
excellent  viability  despite  the  presence  of  highly  reac¬ 
tive  cross-linking  agent.  As  evidenced  from  the  live- 
dead  staining  test,  the  cell  viability  rate  was  in  the 
range  of  90  ±  1.3%  for  cells  treated  with  EDC  for  40  min 
and  slightly  decreased  to  85  ±  2.4%  when  the  time 
of  exposure  to  EDC  was  increased  up  to  3  h.  With  an 
increasing  number  of  layers,  hence  increasing  thick¬ 
ness  of  the  shell,  the  viability  of  cells  only  slightly 
decreased  to  82%  for  9  bilayer  shells. 


The  viability  observed  here  is  very  high  compared 
to  common  LbL  encapsulation  with  the  presence  of 
cationic  components.  The  toxicity  of  cationic  compo¬ 
nents  of  traditional  LbL  shells  toward  a  variety  of  cell 
types  has  been  well-documented  and  mainly  asso¬ 
ciated  with  charge  reversal  at  cell  membranes  upon 
contact.68,69  We  suggest  that  very  low  cytotoxicity  of 
(PMAA-co-NH2)  shells  fabricated  here  arises  from  the 
nature  of  intermolecular  bonding  in  hydrogen-bonded 
shells  and  highly  permeable  network  morphology  after 
removal  of  the  PVPON  component.39  Indeed,  shells 
fabricated  in  this  study  contain  a  very  low  fraction 
(several  vol  %)  of  amine  groups.  In  order  to  evaluate 
surface  potential  during  cell  encapsulation,  we  per¬ 
formed  ^-potential  measurements  after  deposition  of 
each  layer  (Supporting  Information,  Figure  S3).  As 
confirmed  by  these  measurements,  initial  negative 
charge  of  the  cell  membrane  (—28.5  mV)  was  par¬ 
tially  neutralized  to  —9.9  mV  after  deposition  of 
neutral  polymer  (PVPON)  and  oscillated  within  —10 
to  —13  mV,  in  contrast  to  drastic  positive— negative 
variations  in  conventional  polyelectrolyte  mem¬ 
branes,  thus  suggesting  minor  presence  of  the  cationic 
component.70 
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Figure  11.  Expression  of  yEGFP  17  h  after  induction  with  2%  galactose.  Cells  were  coated  with  (PMAA-co-NFy7  and  grown  in 
media  at  pH  5.0  (a)  and  pH  7  (b).  Kinetics  of  yEGFP  expression  at  different  time  points  for  cells  grown  at  pH  7.0  (c). 


The  interesting  novel  feature  observed  in  this  study 
is  the  significant  effect  of  the  pH-responsive  behavior 
of  LbL  shells  on  the  cell  growth  and  function.  To  test 
this  behavior,  bare  and  coated  cells  were  introduced  to 
a  buffer  solution  at  pH  5.0  and  continuously  monitored 
in  a  confocal  microscope  while  the  pH  of  the  solution 
gradually  increased  (Figure  1 0).  In  this  experiment,  we 
observed  that,  even  at  pH  9.0,  the  shells  (labeled  with 
dye)  stayed  intact  and  permanently  attached  to  the 
cells  without  any  indication  of  dramatic  swelling,  which 
was  observed  for  hollow  capsules  (Figure  7).  We  sug¬ 
gest  that  strong  attachment  of  the  LbL  shell  to  the  cell 
wall  is  facilitated  by  the  multiple  ionic  interactions, 
hydrogen  bonding,  and  chemical  cross-linking.71  ~73 
Since  cell  walls  are  rich  in  amine-bearing  ligands, 
strong  tethering  between  polymer  shells  and  cell  walls 
can  easily  occur  during  an  incubation  period  with  a 
cross-linking  agent. 

However,  a  dramatic  effect  of  pH  was  observed  in 
the  growth  behavior  of  bare  and  encapsulated  shells 
when  cells  were  grown  in  two  separate  flasks  with 
SMM  media  adjusted  to  pH  5.0  and  7.0  (Figure  1 0).  The 
formation  of  budded  daughter  cells  and  expression  of 
yeast-enhanced  green  fluorescent  protein  (yEGFP) 
were  monitored  until  the  stationary  phase  had  reached 
its  plateau  at  48  h  for  pH  5.0  and  72  h  for  pH  7.0.  As 
observed,  the  growth  of  bare  cells  was  not  affected  by 
pH  with  the  half-time  of  the  growth  cycle  close  to  25  h 
in  both  cases.  In  contrast,  all  encapsulated  cells  showed 
dramatic  change  in  a  growth  mode  at  pH  7.  In  all  cases 


for  encapsulated  cells  with  different  shell  thickness, 
budding  and  replication  were  delayed  by  about  24  h 
with  half-time  growth  close  to  47  h  (Figure  10).  Addi¬ 
tional  independent  studies  confirmed  tolerance  of 
bare  5.  cerevisiae  yeast  cells  to  alkali  conditions  with 
growth  behavior  and  expression  rate  of  yEGFP  remain¬ 
ing  intact  (Supporting  Information,  Figure  S3).  Strong 
fluorescence  coming  from  yEGFP  expression  was  ob¬ 
served  when  cells  were  grown  in  the  presence  of  2% 
galactose  at  both  pH  5.0  and  7.0  with  hydrogel  shell  still 
present  after  17  h  of  yEGFP  induction  (Figure  11). 

Such  a  strong  effect  of  the  presence  of  (PMAA-co- 
NH2)  shells  on  the  function  of  encapsulated  cells  at 
higher  pH  can  be  associated  with  pH-triggered  changes 
in  the  state  of  free  carboxylate  groups  and  shell  thick¬ 
ness.  Progressive  deprotonation  above  pH  5.0  increases 
the  degree  of  ionization  and  drives  surface  potential  to 
increased  net  negative  charge  (Figure  6).  Increased 
thickness  of  the  shells  at  pH  7.0  should  result  in 
a  reduced  transport  of  nutrients,  thus  delaying  the 
cell  growth.  Indeed,  in  our  recent  study  of  hydrogen- 
bonded  shells,  we  observed  dramatic,  many-fold  re¬ 
duction  of  the  transport  across  shells  with  increasing 
thickness.39'40 

CONCLUSIONS 

In  conclusion,  we  demonstrated  the  high  biocom¬ 
patibility  of  newly  fabricated  pH-responsive  cross- 
linked  PMMA  hydrogel  shells.  Low  cross-linking 
density  of  hydrogel  PMAA-co-NH2  shells  resulted  in 
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unaltered  growth  kinetics  of  encapsulated  cells  at  pH 
below  5.5  with  excellent  viability  reaching  90%.  The 
formation  of  pH-sensitive  LbL  shells  directly  on  the  cell 
surfaces  allowed  the  control  of  cell  growth  by  variation 
in  pH  without  affecting  cell  function  as  indicated  by 
stable  yEGFP  expression.  By  keeping  encapsulated 
cells  at  physiologically  relevant  conditions  (pH  7.0), 
we  were  able  to  postpone  the  replication  process 
without  inhibition  of  biosensing  activity  (induced 
GFP  generation)  of  the  cells.  The  ability  to  manipulate 
perceptible  response  from  the  cells  by  keeping  them  in 


"dormant"  conditions  (constrained  replication)  for  the 
extended  time  can  be  rewarding  for  biosensing  ap¬ 
plications  when  the  early  onset  of  cell  growth  can 
compromise  the  long-term  performance.  In  this  sense, 
our  pH-responsive  LbL  shells  behave  as  an  active 
barrier  that  controls  the  growth  behavior  and  the 
function  of  cells.  Considering  the  fact  that  PMAA-co- 
NH2  shells  were  pH-responsive  at  physiologically  rele¬ 
vant  conditions  required  for  normal  biological  func¬ 
tions,  they  might  find  significant  interest  for  both  in 
vitro  and  in  vivo  biological  applications. 


MATERIALS  AND  METHODS 

Materials.  Poly(N-vinylpyrrolidone)  (55  and  1300  kDa) 
(PVPON55,  PVPON  1,300),  a  monomer  of  metharcylic  add 
(MAA),  hydrochloric  acid,  sodium  hydroxide,  sodium  chloride, 
monobasic  sodium  phosphate,  and  1-ethyl-3-(dimethylamino- 
propyl)carbodiimide  hydrochloride  (EDC)  were  purchased  from 
Sigma-Aldrich.  Initiator,  2,2'-azobis(2-methylpropionitrile)  (AIBN), 
was  purchased  from  Sigma-Aldrich  and  recrystallized  from  metha¬ 
nol  at  30  °C  before  use.  Poly(methacrylic  acid)  (100  kDa)  (PMAA),  a 
monomer,  W-(ferf-butoxycarbonylaminopropyl)methacrylamide 
(f-BOCAPMA)  for  synthesis  of  amine-functionalized  PMAA,  and 
4.0  ±  0.2  /rm  silica  particles  as  10%  aqueous  suspension  were 
purchased  from  Polysciences  Inc.  Hydrofluoric  acid  (HF)  (48-51%) 
was  purchased  from  BDH  Aristar.  All  chemicals  were  used  without 
further  purification.  Nanopure  (Barnstead  Nanopure  system)  water 
with  a  resistivity  of  18.2  MQ-cm  was  used  in  all  experiments. 

The  S.  cerevisiae  YPH501  diploid  yeast  strain  expressing  a 
plasmid  encoding  yeast-enhanced  green  fluorescent  protein  as 
a  biomarker  was  used  for  this  study.39  Cells  were  cultured  in 
synthetic  minimal  medium  (SMM)  supplemented  with  2% 
raffinose  solution.  Yeast  cells  were  grown  at  30  °C  in  a  shaker 
incubator  (New  Brunswick  Scientific)  with  220  rpm  to  bring 
them  to  an  early  exponential  phase  when  optical  density 
reached  0.4-0.5  au  based  on  a  0-2  scale  (absorbance  was 
measured  at  600  nm  on  a  GE  cell  calculator). 

Cell  viability  was  assessed  immediately  after  encapsulation 
process  with  live-dead  and  rezasurin  assay  kits  according  to 
manufacturer's  protocols  (BioVision).74  For  live-dead  test,  re¬ 
presentative  images  were  collected  with  Zeiss  510  Vis  LSM 
using  a  band-pass  filter  (ex/em  =  488/515  and  543/560  nm  for 
detection  of  FITC  and  rhodamine,  respectively).  Confocal  micro¬ 
graphs  were  analyzed  with  Zen2009  software  to  quantify  the 
number  of  pixels  corresponding  to  fluorescent  emission  from 
live  (green)  and  dead  (red)  cells.  For  rezasurin-based  assay, 
fluorescence  was  measured  at  585  nm  (ex  =  560  nm)  on  a 
spectrofluorophotometer  (Shimadzu  RF  5301  PC)  after  incuba¬ 
tion  for  2  and  4  h. 

Synthesis  of  Amino-Containing  Copolymer  of  Methacrylic  Acid,  PMAA- 
co-NH2.  PMAA-co-NH2  copolymer  was  synthesized  using  bulk 
copolymerization  of  MAA  and  f-BOCAPMA.  For  PMAA-co- 
NH-BOC  synthesis,  8.7  ml_  (100  mmol)  of  MAA  and  658  mg 
(2.9  mmol)  of  f-BOCAPMA  were  mixed  in  a  round-bottom  flask. 
The  solution  was  deoxygenated  by  bubbling  with  nitrogen  for 
30  min.  After  that,  the  mixture  was  heated  to  45  °C  and  stirred. 
Then,  40  mg  (0.25  mmol)  of  AIBN  was  added  to  the  flask,  and  the 
reaction  mixture  was  stirred  under  nitrogen  atmosphere  for  3  h. 
The  reaction  was  terminated  after  3  h  by  pouring  the  mixture 
into  a  10-fold  excess  volume  of  diethyl  ether.  The  precipitated 
copolymer  was  dissolved  in  tetrahydrofuran  and  precipitated  in 
hexane.  After  a  repeated  precipitation  step,  the  copolymer  was 
dried  in  vacuum.  f-Boc  protecting  groups  were  hydrolyzed  by 
treating  the  copolymer  with  1  M  HCI  in  methanol  for  100  h. 
Solutions  of  the  deprotected  copolymers  were  dialyzed 
against  nanopure  water  using  a  Slide-A-Lyzer  dialysis  cas¬ 
sette  (Thermo  Scientific)  with  a  molecular  weight  cutoff  of 
10  kDa  and  lyophilized. 


Composition  of  the  resultant  amino-containing  copolymer 
prior  and/or  after  hydrolysis  of  Boc  protective  groups  was 
determined  by  using  NMR  (Bruker  DSX  400).  The  change  in 
integral  intensity  in  the  spectrum  of  protected  PMAA-co-NH- 
Boc  in  comparison  with  that  of  deprotected  PMAA-co-NH2,  due 
to  hydrolysis  of  f-Boc  groups,  allowed  calculation  of  the  percen¬ 
tage  of  amino  groups  in  the  copolymer.75  NMR  analysis  shows 
that  the  copolymer  contained  17%  of  amine  groups  (data  not 
shown).  The  molecular  weight  of  PMAA-co-NH2  was  determined 
using  GPC  (Waters,  717  plus)  equipped  with  a  HPLC  pump 
(Waters,  1515)  at  flow  rate  of  1  mL/min  inTHF  at  25  °C  and  three 
columns  (guard  and  two  PLgel  5  ftm  MIXED-C  columns). 
A  calibration  curve  based  on  PS  standards  was  used  in  conjunc¬ 
tion  with  a  differential  refractive  index  detector  (Waters,  2414). 
The  A4W  of  the  resultant  amino-containing  copolymer  was 
determined  to  be  14  kDa  (PDI  =  1.4). 

Encapsulation  of  Yeast  Cells  with  Cross-Linked  (PMAA  co-NH2)  Shells. 
LbL  assembly  was  employed  for  encapsulation  of  individual 
yeast  cells  based  on  hydrogen-bonded  interactions  between 
PVPON  and  PMAA-co-NH2  components.  Before  deposition  of 
(PVPON/PMAA-co-NH2)„  LbL  shells  (where  n  denotes  number  of 
bilayers),  yeast  cells  were  harvested  in  2  mL  centrifuge  tubes 
and  washed  three  times  with  phosphate  buffer  (0.01  M,  pH  5). 
PVPON  and  PMAA-co-NH2  were  assembled  onto  cell  walls  from 
0.5  mg/mL  aqueous  solutions  (0.01  M  phosphate  buffer,  pH  3.5) 
for  15  min.  Cross-linking  was  performed  for  40  min  using  EDC  (5 
mg/mL,  0.01  M  phosphate  buffer,  pH  5.0).  During  deposition 
and  cross-linking,  cells  were  redispersed  by  gentle  rotation  at 
60  rpm  at  ambient  conditions.  After  each  deposition  step,  cells 
were  collected  into  the  pellet  by  centrifugation  at  2000  rpm  for 
2  min  and  washed  two  times  with  phosphate  buffer  (0.01  M,  pH 
3.5)  to  remove  the  PVPON  layer  and  residual  cross-linking  agent. 

Preparation  of  Cross-Linked  (PMAA-co-NH2)5  Capsules.  Capsules 
were  prepared  on  silica  cores  using  the  same  concentrations 
and  buffer  solutions  according  to  the  established  procedure.55 
For  comparison  of  mechanical  stability,  we  also  prepared  non- 
cross-linked  capsules,  where  0.5  mg/mL  of  native  PMAA  and 
0.5  mg/mL  PVPON  of  different  molecular  weights,  PVPON55K 
and  PVPON  1,300K,  were  prepared  in  0.01  M  phosphate  buffer 
adjusted  to  pH  3.5.  Hydrogen-bonded  LbL  shells  were  depos¬ 
ited  on  a  sacrificial  silica  core  starting  from  PVPON  followed  by 
PMAA-co-NH2  until  the  desired  thickness  was  achieved.  The 
deposition  time  for  each  layer  was  1 5  min  under  gentle  shaking 
at  250  rpm  using  a  vortex-shaker  (VWR  analog  vortex).  After 
each  deposition,  particles  were  centrifuged  at  2000  rpm  for 
2  min  and  washed  with  0.01  M  phosphate  buffer  solution  three 
times. 

To  prepare  cross-linked  capsules,  silica  particles  with  five 
polymer  bilayers  were  introduced  into  the  solution  of  EDC 
(5  mg/mL,  0.01  M  phosphate  buffer  at  pH  5.0)  for  20,  30,  and 
40  min  with  consecutive  washing  in  phosphate  buffer  solution 
at  pH  6.0  for  at  least  1  h  to  remove  coupling  agent,  reaction 
byproducts,  and  the  PVPON  layer.  Un-cross-linked  PVPON 
component  and  silica  material  were  removed  and  dissolved  in 
8%  aqueous  hydrofluoric  acid  (HF)  for  4  h  with  gentle  shaking  in 
the  vortex  to  remove  the  sacrificial  template  and  release  hollow 
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capsules.  Exhaustive  dialysis  against  nanopure  water  adjusted 
to  pH  3.5  was  performed  for  the  next  72  h  to  remove  any  traces 
of  HF.  Dialysis  of  hydrogel  capsules  was  performed  in  1  ml_ 
Float-A-Lyzer  dialyzing  cassettes  with  20  kDa  cutoff  pore  size 
cellulose  ester  membranes. 

Characterization.  ATR-FTIR  measurements  of  hollow  PMAA- 
co-NH2  capsules  before  and  after  cross-linking  with  EDC  were 
performed  on  a  Bruker  FUR  spectrometer  Vertex  70.76  Spectra 
were  collected  at  4  crrT1  resolution,  and  the  number  of  scans 
was  120.  Aqueous  solutions  of  capsules  were  spin-coated  on 
ATR  crystal  for  30  s  (rpm  =  3000). 

Surface  morphology  of  the  hollow  capsules  in  dry  and 
swollen  states  was  examined  with  AFM  according  to  the  estab¬ 
lished  procedure.77,80  The  topographical  and  phase  images 
were  collected  with  a  Dimension-3000  AFM  (Digital  Instru¬ 
ments)  in  light  tapping  mode  using  silicon  V-shape  cantilevers 
having  a  spring  constant  of  46  N/m  for  dry  capsules  and  0.046 
N/m  for  swollen  capsules  using  a  liquid  cell.78  AFM  nanome¬ 
chanical  measurements  of  capsules  in  the  swollen  state  were 
performed  separately  at  different  pH  values  by  collecting 
16x16  point  arrays  of  force-distance  curves  for  at  least  5-6 
capsules  to  ensure  representative  results.79,80  Prior  to  scanning 
in  liquid,  capsules  were  air-dried  from  aqueous  solution  at  pH 
3.5  and  scanned  in  nanopure  water  adjusted  to  specified  pH 
values.  The  spring  constants  of  the  cantilevers  were  determined 
by  their  thermal  resonance  frequency  spectra.  The  tip  radius 
was  estimated  by  scanning  5  nm  gold  nanoparticle  standards 
and  performing  deconvolution  calculation  using  custom-made 
MMA  processing  software.80  Data  processing  and  evaluation  of 
the  adhesion  distribution  were  performed  using  the  Sneddon's 
model.81  The  indentation  depth  was  limited  to  2-10  nm  to 
avoid  plastic  deformation. 

Scanning  electron  microscopy  (SEM)  imaging  of  hollow 
capsules  was  performed  on  Hitachi  S-3400-II  electron  micro¬ 
scope  at  1 0  kV  in  low  vacuum  regime.  Before  imaging,  capsules 
were  air-dried  on  silicon  wafers  and  sputter-coated  with  gold. 
Surface  potentials  of  cross-linked  hollow  capsules  at  pH  values 
starting  from  pH  3  up  to  pH  8.5  were  measured  in  0.01  M 
phosphate  buffer  and  SMM  media  solutions  on  Zetasizer  Nano- 
ZS  equipment  (Malvern).  Each  value  of  zeta-potential  was 
obtained  at  ambient  conditions  by  averaging  three  indepen¬ 
dent  measurements  of  35  subruns  each. 

Confocal  laser  scanning  microscopy  (CLSM)  images  of  yeast 
cells  encapsulated  with  different  shells  and  hollow  capsules 
were  obtained  on  LSM  510  UV-vis  inverted  laser  scanning 
microscope  equipped  with  63  x  1.4  oil  immersion  objective 
lens  (Zeiss).  To  visualize  the  shell  around  cells,  PMAA-co- 
Alexa568  was  deposited  as  a  top  layer  (2  mg/mL,  0.01  M 
phosphate  buffer,  pH  4.5).  For  detailed  procedure  on  the 
synthesis  of  fluorescently  labeled  PMAA-co-Alexa568,  refer  to 
our  previous  paper.39  For  colocalization  of  shell  and  fluores¬ 
cence  coming  from  yEGFP,  encapsulated  cells  were  incubated 
in  2%  galactose  at  30  °C  to  induce  yEGFP  expression.  Cells  were 
visualized  by  consecutive  scanning  mode  using  two  filters  with 
excitation/emission  wavelengths  488/515  nm  for  detection  of 
yEGFP  and  543/560  nm  for  detection  of  PMAA-co-Alexa568. 
Hollow  capsules  were  visualized  by  adding  FITC  solution  (1  mg/mL 
in  0.01  M  phosphate  buffer,  pH  3.5)  to  the  aqueous  suspen¬ 
sion  of  capsules  in  Lab-Tek  chambers  (Electron  Microscopy 
Sciences).  Excitation/emission  wavelength  was  488/515  nm 
for  detection  of  FITC. 

To  study  the  pH-responsive  coating  on  cells,  we  prepared 
two  separate  SMM  solutions  adjusted  to  pH  5.0  and  7.0.  Coated 
cells  with  different  shell  thickness  were  allowed  to  grow  until 
the  stationary  phase  was  reached.  We  also  tested  capsules  in 
nanopure  water  and  SMM  media  at  pH  3. 0-8.0.  The  effect  of  pH 
on  capsule's  size  was  observable  within  1 5-30  s  after  change  in 
the  ionic  strength.  Three-dimensional  reconstructed  images 
were  obtained  using  fluorescently  labeled  PMAA  (PMAA-co- 
Alexa532).39 
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